ABSTRACT
INTRODUCTION
binding domain (RBD) with either one or two RNA recognition motifs (RRM), and an Arg-Ser-rich (RS) domain at the C-terminus. Co-transcriptional engagement of SR proteins to the nascent RNA polymerase II transcripts has been demonstrated in vivo with GFP-tagged SR proteins (24) but little information is available that offers insight into how SR protein binding to the pre-mRNAs is regulated or what are the consequences of this binding.
In this study, we show that single-stranded exonic segments immediately upstream of the 5′SS mediate functional interactions of SR proteins to nascent pre-mRNAs leading to structural modulation of the pre-mRNA, which is essential for initiation of spliceosome assembly. Thus, nucleotides within splice sites and exonic unpaired elements cooperate with each other and other splice signals for exonintron definition and initiation of spliceosome assembly.
RESULTS

Single-stranded exonic elements immediately upstream of 5′SS promote splicing regardless of whether 5′SS is single-stranded
In order to gain understanding into whether and how pre-mRNA secondary structure influences constitutive splicing, we analyzed secondary structure models of two model pre-mRNA substrates, namely human β-globin IVS1 (25) and Adenovirus 2 major late transcription unit IVS1 (AdML) (26) by measuring the in vitro SHAPE reactivity in buffer (27) (Fig. 1A and Fig. S1A ). SHAPE measures the 2ʹ-hydroxyl flexibility and, as such, is a proxy for the identification of single-stranded nucleotides within folded RNAs. Both substrates were organized into three stem-loop constituents: a significant portion of the 5′ exon and 5′ end of the intron formed the first component, the rest of the intron formed the second portion, and the 3′ exon formed the third.
To determine the role of the exonic and intronic stem-loops in splicing, we carried out mutagenesis to hybridize one strand of the loops to the opposite strand and then examined the resulting splicing efficiency from the mutated templates. To examine whether the secondary structure adopted in vitro had an impact on splicing in vivo, we used the transfection-based splicing assay in HeLa cells.
Hybridization of loops in 5′ exons and introns into duplexes (hybridization-mutation) were named EH (exon hybridization) and IH (intron hybridization) mutants, respectively (Fig. 1A, 1B, Fig. S1A , S1B). All substrates were expressed under control of the CMV promoter for transcription in vivo. The transcription rate for different mammalian genes varies by several orders of magnitude with the median transcription rate being about 2 and the highest rate being about 500 mRNAs per hour. The transcription rate of CMV promoter is roughly 6-7 mRNAs per hour (28, 29) . Therefore, the CMV promoter represents a strong promoter near the median strength of endogenous mammalian promoters.
In β-globin, hybridization of both terminal loops in the 5′SS-containing stem-loop (EH3+4) abolished splicing while hybridization of both loops opposite of 5′SS (EH1+2) caused ~30% loss of splicing (Fig. 1C, compare lanes 4 and 9). Because EH1+2, in which the 5′SS is completely hybridized, showed significantly greater efficiency in splicing, the defect observed in EH3+4 might not be caused by inaccessible 5′SS. Hybridization-mutations of the terminal loops in the 5′ exon of AdML also showed similar effects as in β-globin (Fig. S1C, lanes 1-3) . AdML-EH1+2 produced a small quantity of aberrantly spliced RNA along with authentic mRNA; AdML-EH1+2+3+4 showed significant defects in splicing with the concomitant production of aberrantly spliced RNA. It is noteworthy that in AdML, the 5′SS is naturally hybridized. To examine if the hybridization of the terminal loops negatively impacts splicing in AdML by making 5′SS inaccessible, we hybridized the loops at the base of the 5′SS-containing the stem-loop (EH5, IH) (Fig. S1A) . These loops display a much longer stretch of single-stranded region and hence hybridization-mutation of these loops is expected to increase the energy of unfolding of the 5′SS-containing stem-loops more efficiently than those of the much smaller terminal loops. Neither mutant showed any obvious defect in splicing (Fig. S1C, lanes 5-7) .
To further understand the role of accessibility of 5′SS in splicing, we completely de-hybridized the 5′SS in splicing defective β-globin EH3+4 and AdML EH1+2+3+4 mutants and generated β-globin EH3+4+ED1+2 and AdML EH1+2+3+4+ED5 mutants (Fig. 1B, S1B) . In both cases, the splicing defects caused by hybridization of the terminal loops were not rescued through de-hybridization of the 5′SS (Fig. 1C, lanes 10-13, S1C, lanes 3-4) . This strongly indicates that the single-stranded region immediately upstream of the 5ʹSS acts independent of base-pairing within the 5′SS.
Next, we examined if the complete absence of intermittent stems has any impact on the functionality of the exonic single-stranded element(s) immediately upstream of 5ʹSS. Lanes 14-16 of Fig. 1C show that ED1 or ED2 mutation in β-globin enhances splicing by about two-fold. This enhancement could be due to a more accessible 5ʹSS. Nonetheless, removal of base-pairing from the other stems (ED3, ED4) alone or in combination also did not impair splicing compared to the WT substrate (Fig. 1C, lanes [17] [18] [19] [20] [21] [22] . The reduction in splicing in ED1+2+3+4 from the elevated level of splicing of ED1 or ED2 could be due to loss of structural integrity in this region. ED3 and ED3+4 of β-globin displayed a small amount of an aberrant product (marked with an asterisk), indicating that base-pairing in the region immediately upstream of the 5ʹSS could act to prohibit splicing from cryptic splice sites. We removed base-pairing from the stems immediately upstream of the 5ʹSS in AdML (Fig. S1A) and observed that the transfectionbased splicing assay did not show any significant defects (Fig. S1C, lanes 8-10) .
We also deleted the loops 3+4 in β-globin producing β-globin ΔL mutant (Fig. 1A, 1B) . Transfectionbased splicing assay revealed an 80% loss of splicing efficiency (Fig. 1C , compare lanes 1 and 5) unlike EH3+4, which resulted in complete abolition of splicing (Fig. 1C, lane 4) . Therefore, in contrast to EH3+4, ΔL did not completely abolish splicing. This is most likely because the ΔL deletion destabilizes the secondary structure masking the 5′SS by increasing free energy of folding of the entire stem-loop by ~ 7 kcal/mol and thus making the 5′SS more accessible. Making 5′SS more accessible has already been shown to enhance splicing of β-globin (ED1 or ED2 mutants; Fig. 1B, C, compare lanes 14, 15,   16 ). Therefore, the single-stranded regions within the 5ʹ exon at or immediately upstream of 5ʹSS serve two purposes: first, they increase the accessibility of the 5ʹSS, and second, they promote splicing independent of hybridization observed in the 5ʹSS region.
We finally compared the splicing activities of WT and EH3+4 constructs of β-globin in vitro with nuclear extract, which revealed sub-optimal splicing activity of the EH3+4 construct with concomitant production of several aberrant products (Fig. 1D , bands marked with * are aberrant products).
Interestingly, detection of aberrant products was more conspicuous in the in vitro splicing assay than from the transfection-based splicing assay. This is likely due to a variety of reasons, one of which could be the inability of the primers used for RT-PCR to amplify the aberrant products in the transfectionbased splicing assay. IH (intronic hybridization) mutants of β-globin (Fig. 1A) did not show any measurable defects in splicing (Fig. S1D) .
We next tested splicing regulatory activity of the putative exonic loops of five additional constitutively spliced human pre-mRNAs of variable lengths: SRSF1 IVS1, SNRP70 IVS1, ACTA2 IVS5, HBA1 IVS1, and SRSF7 IVS2. First, we inferred the secondary structure of their exon-intron junctions (encompassing -70-nt through +10-nt around 5′SS; see methods) and then converted the exonic loops into duplexes by mutagenesis (EH mutants). Fig. S2 (top panels) shows predicted secondary structure models of the target regions of the pre-mRNAs with the area of hybridization mapped onto it. The EH1 mutants of SNRP70 IVS1, ACTA2 IVS5, HBA1 IVS1, and SRSF7 IVS2 showed significant splicing defects (bottom panels of Fig. 3 ). 'RNAstructure' predicted two alternative structures of SRSF1 IVS1 and based on these structures we generated two mutants EH1 and EH2. EH1 mutant generated based on the structure 1 showed an 80% loss of splicing while EH2 resulted in 25% loss of splicing (Fig. S2) .
A larger defect observed with the mutation based on structure 1 possibly indicates that structure 1 is the predominant structure of SRSF1 exon 1 in vivo. The similar impacts of disrupting secondary structure within the pre-mRNA in the region immediately upstream of 5ʹSS on splicing both in vitro and in vivo strongly suggests that the nascent pre-mRNA assumes the shown structure in the target region in vivo and that this newly identified structural element immediately upstream of 5′SS guides the recruitment of essential splicing factors. We have termed the essential single-stranded segment(s) immediately upstream of 5′SS the exonic unpaired element(s) or EUE, which could be either a continuous stretch of single-stranded RNA or a sequence with short intermittent stems.
The EUE displays no conservation or requirement in nucleotide sequence
In order to examine if EUE is a sequence-independent signal dictated by the number of available unpaired nucleotides, first we examined if the EUE mutants used for the splicing assays (such as β-globin EH3+4) have the expected secondary structure. Therefore, we determined the secondary structure model of β-globin EH3+4 mutant by in vitro SHAPE, which revealed base-pairing at expected positions ( Fig. 2A) . Next, we hybridized the opposite strands of all four loops of β-globin by mutating the 5′ strand of the stem-loop (EH1+2+3+4) (Fig. 1A , 1B, 2B, middle panel), which abolished splicing completely and produced an aberrant product (Fig. 2C , lane 2, aberrant product marked with an asterisk). Sanger sequencing of the aberrant product obtained from EH1+2+3+4 indicated that it has a 63-nt long region from within the 5ʹ exon removed (shown between red borders in the middle panel of Fig. 2B ). Then we introduced two loops opposite of 5′SS by mutating the 5′ strand of the stem (EH1+2+3+4+5L2) (Fig. 2B, left panel) , which did not improve splicing significantly (Fig. 2C, lane 3) .
Next, we altered the sequence of the non-mutated strand of the terminal loop region to create a large terminal loop (EH1+2+3+4+TL) (Fig. 2B, right panel) . This led to recovery of about 45% of splicing activity (Fig. 2C, lane 4) . This result indicates that splicing capability does not require specific secondary structure in this region although splicing efficiency may depend on it. In all, these data indicate that the exonic region immediately upstream of 5′SS regulates constitutive splicing through a hitherto unexplained mechanism, which is not directly dependent on base-pairing within the 5′SS duplex, and that the single-stranded region immediately upstream of 5ʹSS does not require any specific nucleotide sequence to exert its effect. If the effects of available unpaired nucleotides on splicing efficiency is dependent on specific secondary structure of this region remains to be investigated in the future.
To examine if the effects of the mutagenesis on splicing shown so far are correlated with alteration of nucleotide sequence, we substituted all purines with pyrimidines individually or in combinations within and around loops 3+4 (M1-M7) (Fig. 2D ) without affecting the secondary structure. Interestingly, these mutants exhibited no discernible defects in splicing (Fig. 2C, lanes 5-7) . Indeed, the secondary structures of the exonic stem-loops of WT β-globin, M1+2+3+4+6+7, and M1+2+3+4+6+7+8 mutants as predicted by 'RNAstructure' (30) were identical or almost identical to that of the SHAPE-derived secondary structure model of the exonic stem-loop of WT β-globin (Fig. S3A ). An alignment of the substitution mutant M1+2+3+4+6+7+8 against the WT pre-mRNA reveals 66.6% mismatch between 70 th and 100 th nt (Fig. S3B ). These results indicate that the single-stranded region immediately upstream of 5ʹSS promotes splicing regardless of its nucleotide sequence. In support of this observation, we generated a sequence logo from primary sequence alignment of 102 5ʹ UTR exons spanning -70-nt through +10-nt around 5′SS from chromosome 1 (Fig. 2E) . The complete absence of nucleotide sequence conservation within this wide range of exons negates any likelihood of a conserved nucleotide sequence in this region.
The exonic unpaired elements effectuate structural modulation of the nascent pre-mRNA in vivo
The results of the splicing assays with structural mutants of β-globin and AdML reported above ( Fig. 1, 2, S1) indicate that the secondary structural features observed in protein-free pre-mRNA in vitro are also present in nascent pre-mRNA in vivo, at least within the region immediately upstream of the 5ʹSS.
To verify this interpretation, we carried out in vivo DMS-footprinting of the 5′ exon-intron junction of transfected WT β-globin, and β-globin EH3+4. The scheme for this experiment is shown in Fig. 3A . For reverse transcription, primers were nested near the 5′ end of the intron to ensure that cDNA is synthesized from the pre-mRNA and not the mRNA. In vivo, reactivity of nucleotides was largely different from that observed in vitro with protein-free β-globin; high and low reactivity (indicative of high and low nucleotide flexibility) were observed in several stem and loop regions, respectively (compare the dot-bracket structural notation of the protein-free β-globin RNA variants with the in vivo DMSreactivity; dot indicates single-stranded region and bracket base-paired region) (Fig. 3B) . Surprisingly, the WT substrate showed significantly higher reactivity at various places than the mutant substrate within both exons and introns. Observation of in vivo flexibility of a nucleotide that is base-paired in the protein-free substrate indicates structural modulation. Enhanced flexibility of a nucleotide in the WT substrate compared to the EH3+4 mutant indicates that the EUE of β-globin is essential for structural modulation of the pre-mRNA in vivo.
We then carried out in vivo structural probing of an endogenous pre-mRNA, the endogenous SRSF1 Exonic unpaired elements modulate the structure of the pre-mRNAs by mediating functional recruitment of SR proteins SR proteins are the first among splicing factors to bind the pre-mRNA co-transcriptionally in vivo (24) and have been implemented in splice site recognition (23) . Binding of specific SR proteins to proteinfree pre-mRNAs has been shown to promote splicing in vitro (31) . Several transcriptome-wide crosslinking and immunoprecipitation experiments followed by RNA-seq (CLIP-seq) identified that SR proteins bind the exonic region immediately upstream of 5ʹSS (32) (33) (34) . eCLIP (enhanced CLIP) data (34) for binding of three different SR proteins to SRSF1 exon 1 are shown in Fig. 4A (www.encodeproject.org). Therefore, we investigated the immediate consequence of SR protein binding to the model substrates and the bearing of the presence of EUE on the process. We tested the effects of SRSF1 binding to β-globin and AdML and SRSF2 binding to β-globin in vitro by SHAPE reactivity. Both SR proteins are known to promote splicing of both substrates (31, 35, 36) . Both gain and loss of SHAPE reactivity of individual nucleotides in both exons and introns were observed upon SR proteins binding in both β-globin (Fig. 4B , see top panel for SRSF1, bottom panel for SRSF2) and AdML (Fig. S4) . Loss and gain of SHAPE reactivity of a nucleotide upon protein binding indicates loss and gain of nucleotide flexibility, respectively. Nucleotides would lose flexibility either due to bound protein molecules or by SR protein-induced base-pairing; they would gain flexibility due to removal of structural constraints such as base-pairing. Therefore, we conclude that SR protein binding induces modulation of the secondary structure in the pre-mRNA.
To understand if SR protein binding to the WT pre-mRNA differs from that of the splicing-defective EH3+4 (exon hybridization) mutants described before, we compared SHAPE reactivity of individual nucleotides of β-globin EH3+4 in the absence and presence of excess SRSF1 or SRSF2. We observed diminished gain of nucleotide flexibility in EH3+4 mutant upon binding of either SRSF1 or SRSF2 compared to that of the WT pre-mRNA (Fig. 4B) . These results show that SR protein-mediated modulation of the pre-mRNA structure is dependent upon the presence of the EUE.
Structural modulation of the protein-free pre-mRNA by SR proteins led us to hypothesize that this structural modulation is essential for initial splice site recognition. To investigate this, we examined assembly of the E-complex, the first known spliceosomal complex within which both splice sites are recognized, with WT β-globin and its EH3+4 mutant by incubating the pre-mRNAs in nuclear extract depleted of ATP (37) . We observed that the WT pre-mRNA formed unproductive H-complex instantly (at 0 min) and spliceosomal E-complex in 15 min (Fig. 4C, lanes 1-2) . E-complex assembly was almost non-existent with the EH3+4 mutant (Fig. 4C, lanes 4-5) . Binding of SR proteins to the exons and subsequent promotion of E-complex assembly have been documented before (32, 38) . Our data show that the link between SR protein binding and E-complex assembly is SR protein-mediated EUEdependent pre-mRNA structural modulation. In the accompanying manuscript, we have shown that SR protein-mediated structural modulation leads to recognition of all splice signals of the model substrates by the respective splicing factors.
Exonic regions immediately upstream (~ 50-nt) of retained introns are highly structured genome wide
To correlate the secondary structure of the pre-mRNAs immediately upstream of 5′SS with splicing, we analyzed transcriptome-wide icSHAPE data (18) from mouse embryonic stem cells after reconstructing a splicing profile from these cells. The mRNAs that are analyzed are poly-A purified and hence, have already undergone splicing except where the introns are retained. The scheme of the in vivo and in vitro icSHAPE experiment is shown in Fig. 5A , 5B. Exons followed by retained introns displayed low SHAPE reactivity immediately upstream of the 5′SS both in vitro and in vivo (Fig. 5C, 5D ). The low icSHAPE reactivity within the exons upstream of the retained introns in vitro and in vivo indicates that nucleotides in this region are mostly base-paired on average. In contrast, exons followed by the succeeding exon (i.e., with a spliced-out intron) showed high SHAPE reactivity in vivo and in vitro upstream of the 5′SS indicating that these RNAs are more flexible and likely have broad regions of single-stranded nucleotides. Interestingly, icSHAPE reactivity in the retained intron substrates is lowest between 15-nt and 50-nt immediately upstream of the 5′SS and not at the 5′SS, which indicates the said region to be mostly base-paired on average. An earlier report in which in vivo DMS-probing was employed to monitor splicing in Arabidopsis thaliana reported similar structural profiles of exons followed by retained introns (17) . Therefore, it appears that complimentary structure probing methods reveal similar structural characteristics. The structural footprint of the exons followed by the retained introns are similar to the in vivo structural footprint of the transfected splicing-defective β-globin EH3+4 substrate, where the EUE is base-paired (Fig. 3B) , and is in contrast to that of the transfected WT β-globin and endogenous SRSF1 IVS1, where nucleotides immediately upstream of 5′SS are greatly flexible (Fig. 3B, 3C) . Hence, these data correlate extensive base-pairing within the exonic region immediately upstream of 5′SS with loss of splicing. However, the genome-wide data do not report whether the exons followed by spliced out introns had single-stranded segments immediately upstream of 5ʹSS before splicing (because the structural information was obtained after completion of splicing). Since our results with model substrates show that presence of the exonic unpaired elements immediately upstream of 5′SS is essential for premRNA structural modulation and splicing, we hypothesize that splicing competent pre-mRNAs acquire the required single-stranded elements immediately upstream of the 5′SS either co-transcriptionally, through the action of a molecular switch as described before (39) , or other as yet uncharacterized mechanisms. In addition, a previous genome-wide bioinformatic analysis of about 350,000 splice site regions indicates that the probability of intramolecular base-pairing within the pre-mRNA peaks at both 5ʹSS and 3′SS (40); this suggests that accessibility to the splice sites is likely dependent on pre-mRNA structural modulation in a wide range of pre-mRNAs.
We next compared the energy of folding of the exonic unpaired elements of the retained intron substrates with those of one-thousand 5′ UTR (untranslated region) exons. We first predicted secondary structure models of two different segments of 1000 UTR exons (spanning -70-nt through +10-nt, i.e. the target region, and -151-nt through -71-nt, i.e. the non-target region) from ten chromosomes (chr 1-10) using 'RNAstructure' (30) . The median free energy of the target region was -17.2 kcal/mol while that for the non-target region was -19.5 kcal/mol (Fig. 5E) . A linear regression analysis revealed a p-value for these energy differences to be 0.0047. We then estimated the energy of folding for the same region of the 291 retained intron substrates shown in Fig. 5D . The median free energy of folding for these exons is -22.3 kcal/mol (Fig. 5E) . We surmise that the target region with the highest median free energy of folding, besides suggesting that it contains a higher proportion of unpaired nucleotides, is also indicative of a region with inherent flexibility and, therefore, a more likely candidate for initiating pre-mRNA structural modulation. The low free energy of folding (i.e. greater stability) in the target region of the 291 retained intron substrates is consistent with it having more stable secondary structure that could prevent recruitment of splicing factors and subsequent pre-mRNA structural modulation.
DISCUSSION
The high sequence degeneracy observed in the cis-acting splice signals have long been a puzzle regarding how metazoan splice signals are initially recognized by splicing factors within early spliceosomal complexes, such as the E-complex. To explain how the splicing machinery recognizes only the authentic splice signals irrespective of the level of nucleotide conservation, it was proposed that splice signals are defined not only by nucleotide sequence but also by its 'context' (41). Our present work provides various key findings that clarifies this recognition mechanism and show that a structural context renders the splice signal motifs recognizable to the splicing factors. First, a segment immediately upstream of the 5ʹSS with single-stranded regions (either continuous or interrupted by short stems) is essential for splicing. Second, this region (referred to as EUE) mediates functional interactions between pre-mRNAs and serine-arginine-rich (SR) proteins, which modulate the pre-mRNA structure to initiate assembly of the early spliceosome. Third, the presence of simply an unpaired 5ʹSS is not sufficient for splicing, an EUE immediately upstream of the 5ʹSS is necessary. Fourth, we observed that restricting the potential for structural modulation of the pre-mRNA, such as within a highly structured EUE, renders a pre-mRNA incapable of splicing. Fifth, since binding of SR proteins modulates the structure of a naked pre-mRNAs in vitro, we surmise that this structural modulation is essential to 'specify' the splice signals in the nascent pre-mRNAs for recognition by an early spliceosomal complex, likely prior to the E-complex assembly. Indeed, in the accompanying manuscript, we have shown that the exonic unpaired elements are essential for recognition of all four major splice signals, leading up to the assembly of an early stable spliceosome, termed the recognition (R) complex, which precedes the assembly of the E-complex. Essentiality of structural modulation of the pre-mRNA likely implies that the splice sites could normally be inaccessible, perhaps through base-pairing as predicted through bioinformatic analyses of about 350,000 splice sites (40) . Because in the model substrates, EUE is essential for splicing and assembly of the early spliceosomal complexes such as E-complex, a complex considered universal for major spliceosome, we surmise that splicing competence of a wide range of pre-mRNAs depends on the presence of EUE. We hypothesize that pre-mRNAs could acquire EUE either co-transcriptionally, through the action of a molecular switch (39) , or other hitherto unexplained mechanisms. Further investigations are required to examine how splicing competent pre-mRNAs obtain the exonic unpaired elements immediately upstream of 5′SS.
Our results identify a structural context of the splice sites essential for their recognition. These results also open many additional questions about the underlying mechanisms and players involved.
We discovered that EUE upstream of 5′SS is essential for defining the context of constitutive splice sites whose nucleotide sequence resembles the consensus sequence and is considered strong indicating interdependency of the context and the nucleotide sequence for splice site recognition. Now the question remains how the functionality of EUE of the constitutively spliced pre-mRNAs remain uninterrupted regardless of biological variations. We propose that for an EUE to remain constitutively active, it must be activated by multiple SR proteins so that one SR protein can be compensated for by another in case of changes in SR protein expression level. Indeed, splicing of β-globin, a constitutively spliced substrate, can be promoted by one of three SR proteins (31, 42) . There are known to be ten SR proteins available in humans. Therefore, it is not clear if promotion of splicing by only three SR proteins is sufficient for maintenance of constitutive splicing in vivo. Further investigations are required to clearly understand the mechanism of in vivo maintenance of constitutive splicing. On the other hand, it is possible that this EUE-mediated splice site recognition mechanism could play even a greater role for regulated (alternative) splicing. Since EUE could modulate splicing by regulating presentation of an RNA structural motif, it is likely to contribute to gene regulation under natural circumstances. We postulate that an EUE of a pre-mRNA undergoing regulated splicing gets activated exclusively in the presence of one or more splicing factors, such as a specific SR protein, and thus promote splicing only when that protein is expressed. In addition, since RNA structure is known to be altered by transcription elongation rate, temperature, activities of RNA chaperones or helicases, or other cellular processes, it is possible that alteration of EUE structure of specific pre-mRNAs is ensued under certain circumstances. A structural alteration causing increase or decrease in unpaired nucleotides availability in the EUE could alter its specificity for specific SR proteins or effectiveness in promoting splicing.
Whether the specific nature of the secondary structure of EUE in addition to the number of available unpaired nucleotides is significant for splicing efficiency remains to be investigated. In brief, our work led to the discovery of EUE, which mediates functional interactions of SR proteins to the pre-mRNA, adding to the context of splice sites. It is highly conceivable that in addition to EUE, there are other features of spliceosomal components that provide context to splice sites, towards finetuning appropriate temporal and spatial recognition of splice sites.
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Selective 2′-hydroxyl acylation analyzed by primer extension (SHAPE)
25 nM denatured and renatured β-globin pre-mRNA was incubated with 250 nM SRSF1-RBD or equal volume SRSF1 protein storage buffer under EMSA conditions for 15 min; similarly, denatured and renatured 25 nM AdML pre-mRNA was incubated with 250 nM SRSF1. Freshly prepared 2 mM (final concentration) N-Methylisatoic anhydride (NMIA, Aldrich) in dimethyl sulfoxide (DMSO, Sigma) was added to the test reaction, equal volume of DMSO was added to the control reaction and the reaction was allowed to proceed for 15 min at 30 o C and then 15 min at room temperature. Next, the reaction was diluted in proteinase K buffer and protein was digested with proteinase K (New England Biolabs) before the RNA was purified. Reverse transcription reaction was carried out using MuLV Super-RT reverse transcriptase (Biobharati Life Science, India) using manufacturer's protocol at 50 o C and the products were run in 12 % and 8 % 7 M urea sequencing gel of 0.35 mm thickness. Each RT product was resolved up to two different lengths on 8 % gel. By this method, up to 125 nucleotides could be resolved under each primer. The individual bands were identified and quantified using Fiji (50) . The values were processed as described before (27) . Briefly, all numbers in a series under each primer was divided by the average of the top 10% values excluding the outliers. Values 1.5 times of the median value of each series (capped at top 5% as the number of bands under each primer was small, about 125-150) were considered outliers. Using the processed values as pseudo-free energy, the RNA was folded using 'RNAstructure' (30) at 298.15 K with a slope and intercept of 2.6 and -0.8, respectively. All negative values were considered to be zero. Maximum values were capped at 3.0. The RNA secondary structure models were drawn using VARNA (51) . The following primers were used for reverse transcription of β-globin -5′ACGTGCAGCTTGTCACAGTG (βgRT1), 5′TTTCTTGCCATGAGCCTTC (βgRT2), 5′AGTGGACAGATCCCCAAAG (βgRT3), 5′GGAAAATAGACCAATAGGC (βgRT4), 5′TTCTCTGTCTCCACATGCC (βgRT5), 5′AACTTCATCCACGTTCACC (βgRT6). The final primer was replaced with the following for reverse transcription of EH3+4 mutant of β-globin 5′CCAACTTCATGCTGGTGACG (EH-RT6). Reverse transcription of AdML was carried out with the following primers -5′AAGAGTACTGGAAAGACCGC (AdRT1), 5′GGACAGGGTCAGCACGAAAG (AdRT2), 5′TCGAGGGCAGAAGTCATGCC (AdRT3), 5′CAGCGATGCGGAAGAGAGTG (AdRT4).
Pre-mRNA constructs
We carried out all our experiments with pre-mRNAs containing constitutively spliced exons and used the following pre-mRNA constructs (exon-intron-exon lengths are given in parenthesis):
ACTA2 IVS5 (85+394+162), HBA1 IVS1 (161+117+205), and SRSF7 IVS2 (181+308+177). The last five constructs were amplified from genomic DNA of HEK293T cells and were cloned into a mammalian transfection vector under CMV promoter.
Predictive structural modeling of the intron-proximal stem-loop of pre-mRNAs using Dynalign:
Based on the SHAPE-derived secondary structure model of β-globin and AdML, we anticipated that the intron-proximal stem-loop can be modeled in silico using sequence spanning ~ 70-nt upstream and 10-nt downstream of 5′SS as the input sequence for RNA-structure prediction algorithm. We obtained these models of the RNAs using Dynalign (52), a pairwise structure prediction program. Pairwise structure prediction is known to improve accuracy of the predicted structure and hence, we predicted the secondary structures of the segments in comparison with the segment spanning -70-nt through +10-nt of β-globin and -65-nt through +10-nt of AdML separately. Only those models of the pre-mRNAs in which the intron-proximal stem-loop contained at least -50-nt through +10-nt around the 5′SS and had the lowest energy of folding were selected.
In vivo splicing assay
HeLa cells grown in six well plates (9 cm 2 surface area) were transfected with 1 µg of purified plasmid containing WT or mutant pre-mRNA sequence. RNA was harvested at 36 h after transfection. cDNA was synthesized in 20 µl volume with 100 ng RNA using MuLV Super RT reverse transcriptase (Biobharati Life Science, India) following manufacturer's instructions at 50 o C. 1 µl cDNA was used in a 25 µl PCR mix. Sub-saturating PCR products were analyzed on 2 % agarose gels.
Splicing assay and spliceosome assembly assay
Nuclear extract was prepared from HeLa cells as published (53) . E-complex assembly assay was carried out as described before (37) . In vitro splicing assay of WT and mutant β-globin was carried out as described before (49) .
RNA-seq data analysis
IcSHAPE data was analyzed from published available data (18) . All exon-exon and exon-intron boundaries were identified using annotations from the GENCODE release M12. Only transcripts annotated to contain retained introns were searched for exon-retained intron boundaries. To identify the position of the retained intron, exon start and stop positions from retained intron transcripts were compared to those of coding transcripts originating from the same gene. Exons from retained intron transcripts which spanned two sequential exons in a related coding transcript were considered to contain introns, and the exon-intron boundary was defined as the 3′ end of the upstream exon in the coding sequence. A 70 bp range upstream of this boundary was extracted for analysis. For comparison, 70 bp of sequence upstream of 10,000 randomly selected annotated exon-exon junctions in coding transcripts were analyzed. For both sets, transcripts with another exon-exon or exon-intron boundary within the 70 bp were discarded.
In vivo DMS-seq
HeLa cells transfected with the plasmids were treated with dimethyl sulfate as described before (54) . Fig. 5D ; 'x' indicates the mean value, horizontal bar inside the box the median value, bottom and top sides of the boxes the first and third quartiles, respectively, whiskers variability outside first and third quartiles, and individual dots outliers. 
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